In this paper, we utilize a concentric cylinder model to evaluate the stress state in a continuous fiber reinforced composite subjected to transverse loading. We present a method by which this strain to failure may be maximized. In addition, we present experimental results for two different composite systems which are in good agreement with the theory.
INTRODUCTION
One failure mechanism in composites that is of particular interest is the development of matrix cracks in composite laminae subjected to transverse loading. In almost every continuous fiber reinforced composite, these cracks initiate at the interface/interphase between the fiber and matrix due to the mismatch in stiffness properties. The ability to reduce or even prevent the formation of such cracks is of paramount importance. Therefore, the purpose of this paper is to present a method to minimize the stress concentrations in the matrix with appropriate interphase coatings. Specifically, by appropriate choice of optimization criteria, we present a method by which the transverse strain to failure may be maximized. In addition, experimental results are presented which are in good agreement with the analysis.
ANALYSIS
The general assumptions made in the present analysis are as follows. First, we assume that the fiber/interphase/matrix can be adequately represented by a set of 3 concentric cylinder elements (see Hashin & Rosen [1] ). Second, the fiber, interphase, and matrix are assumed to be linear elastic with transversely isotropic properties. At the interface between each of the constituents, we assume that "perfect" bonding exists. This assumption requires that displacements and tractions be continuous at each interface. Finally, we assume that the effective strains experienced by the representative volume element (RVE) are equivalent to those experienced by the bulk composite. By using the analysis of Pagano and Tandon [2] , in conjunction with the boundary conditions on the RVE, we are able to determine the stresses in each of the constituents.
OPTIMIZATION PROCEDURE
Cannan et aI. [3] have proposed the following relation as the appropriate criterion for choosing the optimum interphase modulus:
where the superscript m refers to the matrix, r l is the location of the interface between the interphase and the matrix, and e = 0°corresponds to the loading direction. This requirement balances the stress concentrations from two competing physical mechanisms: the hoop stresses from a hole-in-a-plate problem and the radial stresses from a rigid inclusion. By considering the transverse Young's modulus of the interphase as an unknown, the stress equations from the analysis of Pagano and Tandon [2] in conjunction with Equation 1 represent a system of 19 equations with 19 unknowns. However, the resulting system of equations is non-linear. In the present analysis, we solve the problem numerically using a secant method.
RESULTS AND DISCUSSION.
The boundary conditions applied to the RVE in this study are consistent with the assumptions suggested by Carman et al [3] . The transverse loads in a lamina are dependent upon the stacking sequence of the laminate. For example, in a cross-ply laminate subjected to uniaxial tension, the 90°plies are in transverse tension. If the interphase modulus is hypothetically altered while the stress applied to the laminate remains constant, the strain in the 90°plies should not change (if there are a sufficient number of 0°plies present). Therefore, the following boundary conditions are applied to the RVE:
In the present study, we consider two material systems. The first material system chosen is a glass/epoxy composite. The fiber volume fraction is taken to be 0.36 and the interphase volume fraction is taken to be 0.1024 (these choices are consistent with our test specimens). Based on these properties and the criterion presented in Equation I, the optimum interphase modulus is calculated to be 0.541 GPa.
The second matrix system we consider is a wood/epoxy composite. The fiber volume fraction is 0.4032 and the interphase volume fraction is 0.0592. The properties of the wood fibers are taken as
while the properties of the matrix are the same as above. For this case the optimum interphase modulus is calculated to be 0.466 GPa.
We first investigate the effect of the interphase properties on the maximum principal stress in the matrix. For a brittle material, the maximum principal stress is an appropriate failure criterion. By minimizing such a stress, it should be possible to increase the strain to failure or strength of the brittle material. Three values are used for the interphase modulus. The first of these is equivalent to the modulus of the matrix. This corresponds to a composite in which no interphase region is present. The second modulus chosen corresponds to a case of no adhesion between the fiber and the matrix. To simulate such a case, the interphase modulus is taken ro be 1 Pa (roughly nine orders of magnitude less than the matrix modulus). The final value is that of the optimum interphase. The variation of maximum principal stress with e for the glass/epoxy system is shown in Figure 1 . For presentation purposes, the values are normalized to that of pure epoxy subjected to the same strain state. In this way, the stress concentration due to the fibers may be observed. For the case in which no interphase region is present, the stress concentration (compared to the stress state in a pure matrix material) is 2.22 at e = 0°. The case of no adhesion gives a stress concentration of 1.13 at e =90°. The optimum interphase gives stress concentrations of 1.02 at both e= 0°and e= 90°(as is required by Equation 1). Figure 2 shows similar results for the wood/epoxy system. The case with no interphase region gives a stress concentration of 1.55 at e = 0°and the case of no adhesion gives a stress concentration of 1.13 at e = 90°. The optimum interphase gives a stress concentration of 1.01 at both e = 0°and e = 90°. For the case in which no interphase is present, we would expect larger stress concentrations in the glass/epoxy system than in the wood/epoxy system due to the greater mismatch in modulus between the fiber and the matrix. Such an effect is shown by the model. Theta (~gree!!l) Theta (~gree!!l) Figure 1 . Maximum principal stress Figure 2 . Maximum principal stress variation In the matrix for a glass/epoxy variation in the matrix for a wood/epoxy system with a 0.36 fiber volume fraction. system with a 0.40 fiber volume fraction.
In order to validate the theoretical results, tests were performed on a scaled-up model composite system. The glass/epoxy model consists of 3 mm diameter glass rods in a PLM-9 (a brittle thermoset) epoxy. The fiber volume fraction is 0.36 for the case considered here. The wood/epoxy model consists of 3.175 mm diameter wooden dowels in the same epoxy. This corresponds to a fiber volume fraction of 0.4032. In order to produce a case of little or no adhesion, a thin coating of vacuum grease is applied to the surface of the rods or dowels during the manufacturing process. The coating thickness corresponds to an interphase volume fraction of 0.1024 for the glass/epoxy system and of 0.0592 for the wood/epoxy system. To reduce the residual thermal stresses, the specimens are cured at 37°C for 24 hours. To reduce the opportunity for cure cycle or the mixing process to influence results, the vacuum-greased specimen and the no interphase specimen were made from the same batch of epoxy and cured together.
All specimens were tested in a servo-hydraulic test machine in load control. In this manner, it was possible to ensure that the loading rate was constant for each specimen. After failure, the peak load was read from the machine. The average failure stress for the glass/epoxy system with no interphase (the case in which no vacuum grease was applied to the fibers) was 12.11 MPa and the average failure stress for the glass/epoxy system with no interphase was 26.70 MPa. The ratio of these two failure stresses is 2.2. As seen in Figure 1 , the model predicts that the stress concentration for the no-interphase system is 1.96 times as great. In addition, the model predicts that the maximum principal stress occurs at e = 0°for the case of no interphase and e = 90°for the case of no adhesion. These are the locations at which failure was observed to occur in those systems. Therefore the experimental results would seem to agree with the theory in this system. The average failure stress for the wood/epoxy system with no interphase was 18.36 MPa, and for the wood/epoxy system with vacuum grease it was 22.99 MPa. The ratio of these failure stresses is 1.25. Figure 2 predicts that the maximum stress concentration for the no-interphase system is 1.37 times greater than the maximum stress concentration for the vacuum grease system. Finally, we compare the average failure stresses for the wood/epoxy system with no interphase and the glass/epoxy system with no interphase. The ratio of these two stresses is 1.5, and the model predicts a ratio of maximum stress concentrations of 1.43. In each case, the experimental results are consistent with the theoretical predictions. Therefore, it would appear that the model correctly depicts the influence of constituent properties.
CONCLUSIONS
We have presented a procedure by which the stress state in a composite subjected to a constant strain may be minimized. We have shown that for a glass/epoxy system, the stress concentration for uncoated fibers was more than 2 times greater than for those coated with the optimum interphase. This optimum coating reduces the stress concentration to a point that the transverse strain to failure should rival that of the matrix material. In addition, we have presented experimental results for glass/epoxy and a wood/epoxy systems which are in agreement with the analysis.
